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FIBRE LASER SYSTEM 

This invention relates to a fibre laser system. 
In particular, it relates to a fibre laser system having high 

damage resistance and which is immune or Substantially 
immune from feedback from a material processing operation. 
The material processing operation may be cutting, welding or 
any other processing operation. 

BACKGROUND OF THE INVENTION 

Cladding pumped fibre lasers are becoming more com 
mon. In these types of lasers, a core of an optical fibre is doped 
with a rare earth element to become an active gain medium 
and pump radiation is applied via a cladding layer. The pump 
radiation is normally produced by semi-conductor laser 
diodes and a means is provided for coupling their input into 
the cladding of the rare earth doped fibre. Bragg gratings 
formed in the core of the optical fibre are employed as mirrors 
to form a laser cavity. 

Co-pending UK Patent Applications Nos 0612463.0 and 
0623452.0 describe schemes for coupling pump radiation 
into or out of an optical fibre and a cladding pumped fibre 
laser having a high degree of pump isolation. These disclo 
Sures are incorporated herein by reference. 

Conventional lamp pump non-fibre lasers can be protected 
in various ways against back radiation and other types of 
damage. This is more difficult with fibre lasers. 

Material processing a highly reflective material Such as 
copper can result in a large amount, perhaps even up to 90% 
or so, of the power being reflected if the incident pump light 
is not coupled into the material properly. This may come as a 
result of the incident laser beam not having sufficient inten 
sity either through lack of power or the laser output being out 
of focus. This reflected power can have serious consequences 
for the laser source if it is not controlled properly, either 
through damage of the delivery fibre and Surrounding optics 
or delivery feedback into the Source laser causing it to run 
unstably or causing the light to damage the sensitive pumped 
diodes. It will be recalled that pumping radiation from the 
diodes is applied through a cladding layer to the doped region 
and therefore any reflected radiation which finds its way back 
into the cladding layer could, in an unprotected system, find 
its way directly to the pump diodes where it can severely 
damage them. 

Furthermore, it is well know (Optics letters Vol 13 No 9) 
that an optical fibre carrying only modest amounts of power 
densities can experience a process referred to as the optical 
fuse effect. The effect is initiated by a defect in the carrying 
optical fibre Such as damage to an end face or core of the 
delivery fibre. The defect in the optical fibre creates a region 
of high absorption which can raise the core to above 1000 C 
and a plasma is created in the core. This plasma will propagate 
towards the Source of radiation, destroying the core of the 
delivery fibre at a subsonic velocity. This propagation will 
continue until either the operation of the source of radiation is 
destroyed or there is an increase in the mode field diameter 
which reduces the intensity of both the optical signal and 
pressure wave, arresting the propagation of the optical dis 
charge. This uncontrolled propagation of the optical dis 
charge can propagate into vital components of the fibre laser 
resulting in its destruction. 
The present invention arose in attempt to design a fibre 

laser system that is highly resistant to damage and is robust. 
A further object of the invention is to provide a fibre laser 

system that includes electronic means for protecting the laser 
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2 
from damage caused by the optical fuse effect, Such that 
operation of the laser can be restored by a simple process. 

SUMMARY OF THE INVENTION 

In a first aspect, according to the invention, there is pro 
vided a fibre laser system comprising an optical fibre, a part of 
which is doped with a rare earth to form an optical gain 
medium; at least one laser diode; means for applying pump 
radiation from the laser diode to the optical gain medium and 
for generating a laser beam and delivery fibre means for 
delivering a laser beam to a workpiece, wherein the fibre laser 
is provided with at least one means for protecting one or more 
components from damage caused by errant radiation. 

Errant radiation in this context comprises any errant radia 
tion that is reflected back from a workpiece or other radiation 
which might damage any components of the system, includ 
ing the fibre itself or the pump diodes. 

Preferably, the fibre laser includes a fibretermination, at an 
output end, which is arranged to enable expansion of a laser 
beam, before it is launched, to thereby reduce power intensity 
at the point of launch. This may include a capillary mounted 
at the output end and having a face, at its end closest to the 
active gain medium, which is angled to have an angle greater 
than 0° but less than 90° to the axial direction of the fibre, 
preferably at an angle of 40° to 60° and preferably at an angle 
of between 45° and 50°, typically 49°. 
An end cap may be fused onto the capillary and this may 

have a diameter Smaller than the capillary and be mounted 
inside the bore of the capillary, or have a diameter approxi 
mately equal to or greater than the diameter of the capillary 
and be fused onto the end of the capillary. 
The fibre may be provided with a means for protecting 

against errant radiation as described in co-pending Patent 
Application No. 0623452.0. It may comprise a waveguide 
optically coupled to the at least one diode so as to receive 
pump radiation, the waveguide having a core, at least a por 
tion thereof being rare-earth doped to provide the gain 
medium, and also having at least three claddings to confine 
Stray radiation originating in the waveguide system, to guide 
the radiation, and to cause the radiation to exit the system 
along a path that avoids impingement upon the at least one 
diode. 

Alternatively, the fibre may have at least three cladding 
layers and the system include, including at least one interme 
diate cladding layer, at least one multimode laser diode to 
pump the doped optical fibre gain medium with pump radia 
tion; a multiplexor for guiding a laser signal along a direction, 
for receiving and guiding pump radiation from the at least one 
pump diode, and for delivering the laser signal and pump 
radiation to the doped optical fibre; wherein a fraction of stray 
radiation that originates within the system is captured with 
the (at least one) intermediate cladding layer of the rare-earth 
doped fibre; and wherein the stray radiation is guided through 
the multiplexor in an intermediate cladding layer. 

Preferably, the fibre laser system may also comprise one or 
more cladding mode strippers arrange to strip the cladding 
mode from the delivery fibre. 

Preferably, the system may further alternatively comprise 
one or more power monitors arranged to detect forward 
propagating power or other characteristics. Preferably, two or 
more monitors are provided, one monitoring power nearer the 
beam delivery output end of the system then the other or 
others to provide a means of measuring power continuity 
through the delivery fibres. The power detectors are spaced 
apart so that any standard electronic circuitry will be able to 
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respond in time and switch off the excitation source of the 
fibre laser before damage is incurred by critical components. 

Alternatively one powermonitor may be used, in the output 
leg and the fault condition detected by comparing the output 
of the power monitor with a predictive power as forecast by 
the drive level to the excitation source of the fibre laser. 

The system may also comprise a triple clad gain/relay fibre. 
It may further comprise an annular pump combiner as 
described in co-pending Application No. 0612463.0. This 
may be done by tapering a pump waveguide prior to intro 
ducing a signal feed through fibre (including the doped 
region) within the pump waveguide or by other methods so 
that once in place there is little or ideally no tapering of the 
signal feed through fibre, and which maintains the signal fibre 
in an annular disposition. 
The fibre device may be constructed by providing a former; 

arranging a plurality of multi-mode pump fibres in a bundle 
around the former, fusing and taping down the pump fibre and 
former to any other diameter that is larger than the signal fibre 
to form a tapered annular waveguide; inserting the signal fibre 
into the tapered assembly and fusing the taper assembly onto 
the signal fibre. 

Alternatively, by providing a multi-bore capillary having a 
central bore sufficiently large to accommodate the signal feed 
through fibre and a plurality of bores intended to accommo 
date the multi-mode pump fibres running along its length, 
inserting the pump fibres into the pump bores and fusing the 
pump fibres into the multi-bore capillary. 

In one embodiment, the fibre may comprise an output 
optical fibre, a Substantially untapered feed through optical 
fibre; an annular waveguide having a tapered section; and a 
plurality of multi-mode pump fibres such that the signal feed 
through fibre is located within the annular waveguide, the 
signal feed through fibre is fused onto the annular waveguide 
in the tapered section so that the annular waveguide becomes 
an additional cladding layer of the feed through fibre, the over 
clad signal feed through fibre is optically coupled to the 
output optical fibre and the multi-mode pump fibres are opti 
cally coupled to the annular waveguide in the untapered sec 
tion. 

Other methods of forming an annular pump combiner are 
disclosed in GB 0612463.0 and may be used, or alternative 
methods may be used. 
The invention also comprises a fibre laser system including 

any one or more of the novel features, or combinations of 
features, disclosed herein. 
The invention also provides a termination for an optical 

fibre, including means for expanding the diameter of an opti 
cal signal transmitted by the fibre to a greater diameter than 
the diameter of the core of the fibre before it is launched into 
free space. 
The termination may be used on optical fibres other than 

those used for fibre lasers. 

DESCRIPTION OF THE DRAWINGS 

Embodiments of the invention will now be described, by 
way of example only, with reference to the accompanying 
drawings, in which: 

FIG. 1 shows a block diagram of components of a fibre 
laser system; 

FIG. 2 shows an overall schematic diagram of a system; 
FIGS. 2(a) and 20h) show cross-sections through A-A and 

B-B; 
FIG.3 shows refractive indices of layers of a fibre; 
FIG. 4 shows an end cap: 
FIG. 5 shows an alternative end cap: 
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4 
FIG. 6 shows a cladding mode stripper; 
FIG. 7 shows a cladding mode stripper in more detail; 
FIG. 8 shows a detector arrangement; 
FIG. 9(a) shows a delivery fibre and power monitors: 
FIG. 9(b) shows an alternative monitoring arrangement; 
FIG.10(a) shows a cross-section through a multiplexer/de 

multiplexer; 
FIGS. 10(b), (c) and (d) show respective cross-sections 

through A-A, B-B and C-C of FIG. 10(a): 
FIGS.11(a) to (e) show stages in the formation of a device 
FIGS. 12(a) to (b) show stages in the formation of an 

alternative device that makes use of a multi-bore capillary 
FIGS. 13(a) and (b) show a sections through a multi-bore 

capillary having two layers of pump fibres; and 
FIGS. 14(a) to (e) show stages in the formation of an 

alternative device. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

Referring to FIG. 1, a fibre laser system basically com 
prises a fibre portion 1 which is doped with a rare earth 
material to provide an active gain medium; a pump combiner 
2, 3 at either end of the gain fibre: semi-conductor laser 
pumped diodes 4 whose output is applied through the pump 
combiner into the gain fibre; and relay fibre portions R, R 
between the gain fibre and the respective pump combiners 2 
and 3. The number of pump diodes may be chosen according 
to the nature of the laser and the particular application, there 
may be any number from one upwards. The gain fibre can be 
used in an amplifier configuration or as a laser by appropriate 
feedback. The laser energy is output over a delivery fibre 7 to 
a termination having an end cap with protective capillary and 
also one or more cladding mode strippers 8. One or more 
power monitoring stations 9 are used to monitor the power in 
the delivery fibre and to provide fault indications. The laser 
beam is launched from the end of the fibre with the end cap to 
processa workpiece 10. The processing may be cutting, weld 
ing, drilling, piercing or any other laser processing for which 
fibre lasers are useful. 

FIG. 2 shows a fibre system in a little more detail. The gain 
fibre/pump combiner assembly is preferably formed by a 
method as described in co-pending UK Patent Application No 
0612463.0 and described in more detail further below. These 
methods result in an annular pump combiner and gain fibre 
which represents a significant improvement and reduction in 
signal feed through loss in a conventional fused fibre pump 
and signal multiplexorby avoiding tapering of the signal fibre 
and fusion of pump and signal fibres. 
The laser arrangement (ie gain fibre, relay fibre and/or 

annular pump combiner) also most preferably includes a 
triple-clad or multi-clad pedestal arrangement as described 
in co-pending UK Patent Application No. 0623452.0. 
The laser comprises two un-doped signal feed through 

fibres 31, 32. A plurality of laser pump diodes 4, a length of 
rare-earth-doped triple clad optical fibre 33, two lengths of 
passive double clad relay fibre 34, 35 (which may be of any 
convenient length and might be up to several metres long) and 
a plurality of multi-mode pump delivery fibres 36 arranged in 
abundle around the signal feed through fibre, or provide as a 
single annular pump combiner as shown in FIG. 2. FIG. 2(a) 
shows a section of the assembly along section A-A and FIG. 
2(b) shows a section along B-B. A-A shows the annular pump 
fibre radially separated from the feed fibre and B-B shows 
them fused together nearer the doped area. 
The pump delivery bundle is fused to the signal fibre by 

annular pump combining methods as described above so as 
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receive inputs from the one or more diodes 4 and to apply this 
power through the cladding layer to the rare-earth-doped 
fibre. As is shown in FIG. 2, light emitted from each of the 
diodes 4 travels through the annular pump delivery fibres 36 
and then passes through the cladding layers of the relay and 
doped fibres to pump the doped fibre. The fibre amplifier is 
provided with Bragg Gratings 5a and 5b to provide feedback 
and form a laser resonator. In an embodiment of the invention, 
the doped, relay and feed through fibres 31, 32,33,34 and 35 
are provided with one or more additional cladding layers 38. 
They therefore have four distinct regions, a core, a first clad 
ding (sometimes referred to as a quick pedestal), a second 
cladding and a third cladding. If the refractive indices of these 
regions are denoted N. N. N. and N then the refractive 
index decreases successively from layer to layer from the 
centre of the fibre and this is shown in FIG. 3 where 901 
represents the core, 902 the first cladding layer, 903 the sec 
ond cladding layer and 904 the third cladding layer. The 
numerical aperture (NA) of an interface is defined by the 
respective refractive indices N, N of the materials either 
side of the interface. If the core has a numerical aperture 
NA defined by N and N2, the first cladding has a numeral 
aperture NA defined by N. and N and the second clad 
ding has a numeral aperture NA defined by N. and N, the 
core, first and second cladding layers are of glass construction 
and the cladding layer consists of a lower refractive index 
polymer then, for example, values of the refractive numerical 
apertures might be NA=0.07, NA=0.01 and 
NA-0.46. Note that the cross-section of the second clad 
ding layer might be shaped other than annularly, for example 
octagonal in Some embodiments. The passive relay 5 might 
also have a similar refractive index profile to the doped fibre, 
as may the signal feed through fibre. 
As is described in the co-pending UK patent application, 

the use of further cladding layers and providing a pedestal 
serves to confine Stray signal lights to a regionaround the core 
and to prevent it from propagating back to the pump diodes. 
Thus, essentially, once light has found its way into the core, it 
cannot propagate back to the pump signal fibres 36 and there 
fore into diodes 4. 
The pump delivery fibres 36 may also be provided with a 

pedestal by using a triple or more cladding structure. 
After exiting the laser part itself, the fibre passes through a 

cladding mode stripper 40a, through one more power moni 
tors 41 to a further cladding mode stripper 40b and end cap 
fibretermination 42 and is then transmitted to a workpiece for 
processing the workpiece. 
The end cap 42 and also the cladding mode stripper 40 are 

intended to remove light in a controlled manner that is not 
directly imaged back into the core. Any back reflected light 
that does make it back into the core is kept away from the laser 
diodes through the use of a triple or multi-clad fibre and 
annular combiner structure. The triple or multiple clad fibre 
design also increases immunity of the laser diode from Spikes 
in the output of the laser oscillator due to feedback. 
An embodiment of an end cap design is shown in FIG. 4. 

The output of the beam delivery fibre (single mode fibre) 44 
is terminated by a capillary 45 which may be cylindrical but 
preferably has a face (the face closest to where the laser beam 
is generated) which is angled ie at an angle other than 0° or 
90° to the longitudinal axis of the fibre and typically around 
45° to 50°, say 49°. This angled capillary serves to minimise 
back reflection. 
A single mode fibre typically has a core diameter of around 

10 microns or less. This means that the power density at the 
fibre face is very high even when operating at few hundred 
watts. To prevent damage to the end face, the beam is allowed 
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6 
to expand inside a silica end cap 46 which is fused onto the 
fibre end face 45a (at the splice point shown). The end cap 46, 
is also fused within the bore of a capillary tube, preferably so 
that its end lies flush with the end of the capillary (or the end 
cap/capillary may be cleared, polished or otherwise treated to 
form a flat end). 
As described, the end cap allows the beam to expand. Thus, 

when the beam emerges into the air at the end of the end cap, 
it is much larger in diameter than at the point 45a at the end of 
the single mode fibre and therefore the power density at the 
silica/air interface 46a is much lower than at the fibre tip 45a. 
This helps to prevent damage due to the presence of dust or 
other contaminants on the face. A further advantage is that the 
lower power density allows the use of an antireflection coat 
ing (not shown) on the face. Typically, the capillary tube may 
be of diameter around 2,000 um for a fibre of typical core 
diameter of around 10 microns or less. 

In an alternative embodiment, in order to increase the mode 
size, a larger silica end cap may be fused onto the assembly, as 
is shown in FIG. 5. As shown, in this embodiment, the end of 
the delivery fibre is inserted into the capillary tube and fused 
into the capillary tube so that the outer diameter of the fibre is 
joined to the bore of the capillary tube for a distance D offew 
millimetres. Again, the capillary tube has an angled face 
typically of 49 (which is the angle at which total internal 
reflection occurs between a glass/air interface). The end of the 
capillary is then prepared for attachment of an end cap 50 by 
polishing cleaving or other suitable method. An end cap 50 of 
silica or other material, equal in diameter to the outside diam 
eter of the capillary tube is then fused to the end of the 
capillary and fibre assembly. The end cap is therefore gener 
ally cylindrical having an end typically at 90° to the longitu 
dinal axis of the fibre/capillary assembly and of equal diam 
eter to the capillary. This further increases the mode size. 
The typical spot size at the output may be 0.01 to 1 mm and 

the length of the end cap might typically be around 10 mm. 
This could be used for a typical laser output power of between 
around 10W to around 2 KW. The typical intensity at the end 
of the end cap, for an output of 2 KW and spot size of 1 mm 
will be around 250 KW/cm. This can result in a typical 
intensity reduction through the use of an end cap of around 
1,000 times. The output face of the end cap may be flat 
polished and possibly may have an anti-reflection coating at 
the lasing wavelength. 

In construction of the FIG. 4 embodiment, a pure silica rod 
of the same or greater outside diameter as the single mode 
fibre is first spliced to the end of the fibre (as in FIG. 4). The 
capped fibre is then inserted into a capillary and the rod and 
the first few millimetres of the fibre are then fused into the 
capillary bore as shown in FIG. 4. The output end of the 
fibre?end cap/capillary assembly is then polished, cleaved or 
otherwise processed to achieve a good optical Surface. The 
end cap 46 is fused with the inner bore of the capillary as 
shown in the fusion Zone F. Provided the fusion of the rod and 
the capillary in the Zone F results in an optically clear inter 
face, then it is seen that this construction is optically equiva 
lent to the use of a larger elongated end cap. 
The termination/end cap disclosed may have applications 

beyond fibre lasers. 
A cladding mode stripper is shown in FIG. 6 and FIG. 7. 

The transmission fibre, after the output from the laser itself, 
includes a core and at least two layers of cladding, one of 
which may be an outer polymer cladding. A cladding mode 
stripper is applied over part of this fibre, at a part which has 
been stripped of its outer polymer cladding 60. The fibre, 
including the portion stripped of its outer polymer cladding, is 
potted in a high refractive index material 61. This results in a 



US 7,839,902 B2 
7 

large proportion of any stray radiation which is being guided 
in the cladding layers 62, 60 being stripped out into the high 
index material 61, typically of index Np=1.55, compared to 
cladding indices of 1.46. A heat sink body 63, typically of a 
conductive material Such as copper or aluminium, can then be 
used effectively to draw this heat away. That is, the light 
which finds its way into the potting material is then dumped 
into the conductive heat sink and is safely removed. 

FIG. 7 shows schematically the cladding mode stripper in 
a little detail and shows an input signal which includes radia 
tion in both the core and cladding layers and an output signal, 
after the cladding mode Stripper, which comprises just signal 
within the core. 

In the fibre laser assembly of FIGS. 1 and 2, one or more 
cladding strippers may be applied at positions spaced along 
the fibre. In typical examples, the polymer coating material of 
the fibre has a refractive index of 1.56. The typical length of a 
cladding stripper for a fibre of 400 um in diameter is around 
50 mm. For a fibre of around 125um the typical length of the 
diameter may be around 25 mm. In the arrangement as shown, 
is typically efficient at removing greater than 99% of power 
transmitted within the cladding layer of the fibre. 
As shown in FIGS. 1 and 2, the fibre laser also preferably 

includes one (or advantageously more than one) power moni 
tor to monitor the health of the system. This or these are 
located in the delivery fibre after the final Bragg grating. Most 
advantageously, two or more monitors are used to enable fault 
diagnosis of possible damage in the delivery fibre. If two 
power monitors are distributed at different longitudinal posi 
tions along the length of the delivery fibre and the ratio of their 
monitored powers compare then if there a difference between 
them it is likely to mean that there is damage in the fibre 
between the power monitors causing loss of signal and thus a 
fault can be detected. A comparison signal can therefore be 
used to indicate a fault and this can be used to control equip 
ment to turn the laser OFF before damage occurs to more 
valuable components. 

In a further embodiment the expected output power from 
the fibre laser can be predicted using, for instance, a calibra 
tion look up table of power output vs excitation power to the 
fibre laser. This predicted value can be compared to the value 
measured at the power monitor(s) and the laser switched offif 
there is a discrepancy. 

For both of the embodiments described above the length of 
fibre between the comparative power monitor and the first 
critical component that is being protected is vital to the pro 
tective operation of the system. The optical discharge propa 
gates at a value of up to 10 m/second. The fibre length is 
chosen to enable the drive electronics, either hardware or 
Software, to respond in time and Switch the excitation Source 
off before the optical discharge reaches the critical compo 
nent. 

Any Suitable power monitoring arrangement may be used. 
One is shown by way of example in FIG.8. A splice 80 is 
formed in the fibre at a point on the delivery end of the system 
where power monitoring is to occur. The fibre for a distance at 
either end of the splice is potted in a high refractive index 
material 81 and sleeved by a glass tube 82. The splice has the 
effect of releasing stray light which is then released into the 
high index potting and is steered by the glass tube out of the 
assembly onto a defusing plate 83. The fusing plate is formed 
of a plate having a central hole in it to receive the pass through 
fibre 84. It is of sufficient diameter to capture light steered by 
the glass tube and to redirect this (ie reflect it) onto a detector 
85. The detector is typically a photodiode which generates an 
output current in proportion to incident light intensity. 
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FIG. 9(a) shows schematically a delivery fibre mounted 

between the laser generating part of the assembly and a work 
piece and shows two power monitors 9a and 9 blongitudinally 
separated along the delivery fibre. The intensity levels 
detected by these monitors are applied to a comparison unit 
91 where they are compared and algorithms are used to deter 
mine whether any differences between them arise from natu 
ral tolerances and affects or are likely to be faults. If a fault is 
detected, then a signal 92 may be generated which serves to 
immediately turn OFF the laser or provide other alerts or 
warnings or which may simply be recorded. By measuring the 
power in this manner, at spaced locations along the delivery 
fibre, very quick indication of possible damage can be made 
and the laser may be turned OFF before damage occurs to any 
other components. 

In a further embodiment of the fibre fuse detect and protect 
circuitry (shown schematically in FIG. 9(b)) a wavelength 
filtered photodiode (or other photo sensor) system, including 
a filter 91 and photodiode 90, is included that blocks out the 
laser radiation wavelengthw1 but passes shortwavelengths eg 
W2 that are typically generated by the plasma generated in the 
fibre fuse process (burnback). Detection of these short wave 
lengths by the photodiode can be used to turn off the power 
source to the fibre laser. 

FIGS. 10 through 14 show embodiments of an annular 
pump combiner and methods of forming these. 

Referring to FIGS. 10(a) to 10(d), the multiplexer consists 
of an output optical fibre 2001, a signal feed-through optical 
fibre 2002, an annular optical waveguide 2003 having a 
tapered section, and a plurality of multimode pump optical 
fibres 2004. 

The output optical fibre has a core 2005, a first cladding 
2006, an outer cladding 2007 and possibly intermediate clad 
ding layers. The core of the output fibre acts as a waveguide 
for a laser signal. The cladding layer or layers define a mul 
timode waveguide Surrounding and including the core which 
guides the multimode pump light. The outer cladding layer 
2007 could be a low refractive index polymer layer which 
gives a high numerical aperture for the multimode pump 
waveguide. By way of an example, the output fibre could be 
a double-clad fibre with a glass core and first cladding and a 
polymer second cladding. The diameter of the core could be 
20 microns, the diameter of the first cladding could be 400 
microns, the numerical aperture of the core waveguide could 
be 0.06, and the numerical aperture of the multimode 
waveguide defined by the first cladding and the second clad 
ding could be 0.46. 
The signal feed-through fibre 2002 has a core 2008 and a 

glass cladding 2009 and possibly additional cladding layers. 
The purpose of the core is to guide a laser signal 2010 through 
the multiplexer into or out of the core of the output fibre 2005. 
Ideally, the transverse mode distribution in the core of the 
feed-through fibre is well-matched to that in the core of the 
output fibre to ensure efficient coupling of the laser signal 
from one to the other. By way of an example, the core diam 
eter could be 20 microns, the cladding diameter could be 200 
microns, and the numerical aperture of the core waveguide 
might be 0.06. 
The multimode pump optical fibres 2004 typically have a 

glass core 2011 and a glass cladding 2012. By way of an 
example, the core diameter could be 105 microns, the clad 
ding diameter 125 microns, and the numerical aperture of the 
core equal to 0.15. When using the multiplexer as part of a 
fibre laser system, the optical output of a semiconductor laser 
diode would be optically coupled into the core at the free end 
of the pump fibre. 
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The annular waveguide 2003 is a glass optical waveguide 
and it is employed as an intermediate section between the 
multimode pump fibres and the output fibre. It has a tapered 
section. The purpose of the annular waveguide is to guide the 
multimode pump light 2013 from the multimode optical 
fibres into the cladding of the output fibre. In one embodiment 
the annular waveguide could be a silica glass capillary having 
a circular cross-section. By way of an example, the inner 
diameter of the capillary in the un-tapered section could be 
600 microns and the outer diameter 1100 microns. In the 
tapered section of the annular waveguide, the inner diameter 
is similar to but slightly larger than the outer diameter of the 
signal feed-through fibre. In the present example, that might 
be 205 microns. The outer diameter of the annular waveguide 
in the tapered section is determined geometrically according 
to the tapering ratio. In this example it would be 375 microns. 
The degree of tapering of the annular waveguide is limited by 
geometrical optics considerations. According to the bright 
ness theorem, when light propagates in a tapered waveguide, 
the angle of the rays of light in the core increases with respect 
to the axis of the waveguide. The theorem states that the 
square of the ray angle increases in inverse proportion to the 
cross-sectional area of the tapered waveguide. For an optical 
fibre to guide a ray of light by total internal reflection, the ray 
angle must be lower than the numerical aperture of the fibre, 
which is a function of the refractive indices of the core and the 
cladding. If the ray angle exceeds the numerical aperture then 
the ray will escape from the core into the cladding. In a typical 
embodiment of the present invention, the object is to couple 
the multimode pump light exiting the tapered end of the 
annular waveguide into the first cladding of the output optical 
fibre, and for this first cladding to guide the pump light by 
total internal reflection at the interface with the second clad 
ding. Therefore, the ray angle at the output of the tapered 
angle waveguide must not exceed the numerical aperture 
determined by the refractive indices of the first and second 
claddings of the output fibre, which in the present example is 
0.46. As described above, the output ray angle is determined 
by the input ray angle and the degree of tapering of the 
waveguide. In the present example, the maximum input ray 
angle is approximately 0.15, determined by the numerical 
aperture of the multimode pump optical fibre. The output ray 
angle should not exceed the numerical aperture of the output 
fibre pump waveguide which is 0.46 as described previously. 
According to the brightness theorem, the maximum degree of 
tapering of the linear dimensions of the annular waveguide is 
therefore approximately 0.46/0.15 which is roughly equal to 
3. 

FIGS. 11(a) to (e) show steps in the construction of a 
schematic device. 
The device is constructed by coupling the outputs of mul 

timode pump fibres (400) into the un-tapered end of an annu 
lar waveguide (200), for example by fusion splicing. A signal 
feed-through fibre (300) is inserted into the annular 
waveguide and the annular waveguide is heated in the tapered 
section and collapsed on to the signal feed-through fibre to 
form an additional cladding layer of the feed-through fibre. 
This fused section is cleaved and joined onto the output 
optical fibre, for example by fusion splicing (FIG.11(e)). The 
resulting assembly might be recoated with a polymer to 
improve the strength of the assembly and/or to provide an 
additional cladding layer. A laser signal can be coupled into or 
out of the core of the output fibre via the core of the feed 
through fibre. Multimode pump light is coupled into the free 
ends of the pump fibres. It propagates through the tapered 
annular waveguide (FIG. 12) and into the cladding of the 
output optical fibre. 
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In a second embodiment, it is recognised that in some cases 

of practical interest it may not be straightforward to fusion 
splice a large number of pump multimode fibres directly onto 
the end of a capillary as described in the first embodiment. 
Therefore, in a second embodiment a multi-bore capillary 
210 is employed as an aid to fixing the fibres in place and 
joining them to the capillary. 
The multi-bore capillary has a central bore 220 having a 

diameter sufficiently large for the signal feed-through fibre to 
pass through it. It also has multiple holes 230 running axially 
along its length that are intended to receive the plurality of 
multimode pump fibres. 

In the assembly of the device, the plurality of multi-mode 
pump fibres are inserted into the plurality of axial holes in the 
multi-bore capillary, and the resulting assembly is fused into 
a monolithic glass structure by heating. At this point, the 
plurality of multimode fibres are easy to manipulate as a 
single unit, and they can be joined to the annular waveguide 
by fusion splicing more easily than in the first embodiment. 
The other aspects of this embodiment such as the tapered 

annular waveguide, the signal feed through fibre, and the 
output fibre are as described in the first embodiment. 
By way of an example that is consistent with the figures 

quoted in the first embodiment, the multi-bore capillary might 
have a central bore with a diameter of 500 microns, an outer 
diameter of 1400 microns, and the number of axial holes for 
the pump fibres could be 20, evenly spaced in a circle around 
the axis of the capillary at a distance of 1000 microns from the 
axis. The diameter of the axial holes might be 128 microns. 

In a preferred embodiment, the annular waveguide is con 
structed predominantly out of fused silica having one or more 
fluorine-doped silica layers. These layers might be on the 
inner, outer or both surfaces and serve several purposes, 
including aiding the construction of the device and providing 
desirable optical properties, since fluorine doping reduces 
both the melting point and the refractive index of the glass. By 
way of example, the capillary might have an outer diameter of 
320 microns and an inner diameter of 256 microns and it 
might have fluorine doped silica layers on the inner and outer 
surfaces having a thickness of 10 microns. The refractive 
index of fused silica at 1064 nm is around 1.45 and the 
fluorine doped silica might be doped to have a refractive index 
of around 1.433. It could also be constructed out of some 
other composite glass composition including elements such 
as germanium, boron, aluminium, orphosphorous. Optically, 
the fluorine doped layers act as a low refractive index clad 
ding layer. Stray radiation may be totally internally reflected 
by this layer and thereby confined to the feed-through fibre 
providing additional pump isolation. In this case the fluorine 
doped layer is an alternative to the pedestal or triple clad 
structure in the feed-through fibre. Mechanically, the softer 
fluorine doped glass may be advantageous in the construction 
of the device. Specifically, the interface between the outer 
fluorine doped layer on the capillary and the fluorine-doped 
cladding layer on the pump fibres increases the strength of the 
device. 
The annular waveguide preferably has perfectly circular 

inner and outer cross-sections. However, the annular 
waveguide need not have perfectly circular inner and/or outer 
cross-sections. The annular waveguide could also have a 
polygonal or shaped inner and/or outer cross-section and 
remain within the spirit of this invention. 
The core of the signal feed-through fibre might have 

waveguide properties such that it supports a single transverse 
mode, a few transverse modes, or multiple transverse modes. 
It might also be a photonic crystal core that has a number of 
holes running axially along its length. 
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One application of the optical fibre multiplexer is for 
pumping an optical fibre amplifier or laser. In this arrange 
ment, the output fibre of the multiplexer might have a rare 
earth doped core, or the output fibre would be subsequently 
joined to an optical fibre having a rare earth doped core. In the 
case of a laser, the output fibre might additionally incorporate 
wavelength selective components e.g. gratings. Such an 
amplifier or laser may be pumped from a single end or from 
both ends. 

Note that in some embodiments of the invention, the pump 
combiner might have multiple layers of pump fibres for the 
purpose of increasing the amount of pump power coupled into 
the cladding-pumped fibre by the device. FIGS. 1(a) and (b) 
show an example having two layers L. L. There may of 
course alternatively be just one layer or more than two layers. 

FIG. 14(a) to 14(e) shows a further embodiment. 
In this embodiment, a bundle of multimode fibres 2110 is 

wrapped around a tubular (preferably circular) former 2120. 
They may helically wrapped, longitudinally wrapped or oth 
erwise wrapped. The cylindrical former FIG. 5(b) shows a 
longitudinal cross section through the assembly. The former 
and wrapped multimode fibres are then fused and tapered 
down (FIG. 5(c)) to an inner diameter that is larger than a 
signal fibre 2130 (FIG. 5(d)) which is then inserted into the 
fused and tapered assembly. The fused and tapered assembly 
forms a tapered annular waveguide. The signal fibre 2130 is 
then inserted into the tapered assembly and is fused onto the 
signal fibre. As described above, the fact that tapering occurs 
before the signal fibre is introduced means that very little, if 
any, deformation of the signal fibres occurs and this is advan 
tageous for the reasons given. This can then be cleaved and 
then spliced to an output fibre. 

The invention claimed is: 
1. A fibre laser system comprising: 
a feed through optical fibre including a core, again part of 
which is doped with a rare earth material to form an 
optical gain medium; 

at least one laser diode; 
pump combiner means for applying pump radiation from 

the laser diode to the optical gain medium and for gen 
erating a laser beam, said pump combiner means includ 
ing at least one pump waveguide including a plurality of 
multi-mode pump fibres that are radially separated from 
the core, wherein the pump waveguide includes an annu 
lar-shaped tapered section that is fused to a substantially 
un-tapered or un-tapered feed through optical fiber and 
thereby becomes a cladding layer of the feed through 
optical fiber, and the pump waveguide includes an un 
tapered section wherein the multi-mode pump fibres are 
optically coupled to a portion of the feed through optical 
fibre that includes the gain part; 

at least three cladding layers for protecting radiation from 
within the optical gain medium from damaging the laser 
diode; and 

delivery fibre means for delivering a laser beam to a work 
piece, said delivery fibre means including an output 
section of the laser fibre system that is optically coupled 
to the gain part of the optical fibre. 

2. A fibre laser system as claimed in claim 1, including a 
termination which expands the beam before it is launched in 
free space. 

3. A fibre laser system as claimed in claim 2, wherein the 
termination includes a capillary having an end closest to the 
laser generating end of the fibre and which is angled at an 
angle other than 0 or 90° to the longitudinal axis of the fibre. 

4. A fibre laser system as claimed in claim 3, wherein the 
angle is 49. 
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5. A fibre laser system as claimed in claim 1, including an 

end cap of enlarged diameter or enlarged end diameter. 
6. A fibre laser system as claimed in claim 5, wherein the 

end cap is mounted inside the bore of the capillary in Such a 
way as to provide an optically clear interface. 

7. A fibre laser system as claimed in claim 5, wherein the 
end cap has a diameter equal to or greater than the diameter of 
the capillary and is fused onto the end of the capillary. 

8. A fibre laser system as claimed in claim 1, wherein said 
system includes at least one cladding mode stripper, each of 
which comprises a portion of the delivery laser delivery fibre 
having at least one outer cladding layer removed, a material of 
higher refractive index in contact with the stripped portion, 
and a heat sink in contact with the high index material. 

9. A fibre laser system as claimed in claim 1, including two 
or more power monitors longitudinally spaced along a deliv 
ery part of the fibre laser and means for comparing monitored 
power to determine a fault. 

10. A fibre laser system as claimed in claim 1, wherein said 
pump combiner is formed by tapering the pump waveguide 
prior to introducing a signal feed through fibre (including the 
doped region) within the pumped waveguide so that there is 
little or no tapering of a signal feed through fibre. 

11. A fibre laser system as claimed in claim 10, wherein the 
annular pump combiner is formed by using a former or a 
multi-bore capillary. 

12. The device fibre laser system of device of claim 1, 
where the output of the plurality of multimode pump fibres is 
coupled into the end of the annular pump waveguide. 

13. The fibre laser system of claim 1, wherein the plurality 
of multimode pump fibres are arranged circumferentially 
around a hollow former, and the multimode fibres and former 
are fused together and tapered to form the tapered annular 
waveguide. 

14. The fibre laser system of claim 1, where the output fibre 
is a multi-clad optical fibre. 

15. The fibre laser system of claim 1, where the output fibre 
is a doped optical fibre. 

16. The fibre laser system of claim 1, including a plurality 
of layers of pump fibres. 

17. A fibre laser comprising an optical fibre including a 
core, again part of which is doped with a rare earth material 
to forman optical gain medium, at least one laser diode, pump 
combiner means for applying pump radiation from the laser 
diode to the optical gain medium and for generating a laser 
beam, said pump combiner means including at least one 
pump waveguide including a plurality of multi-mode pump 
fibres that are radially separated from the core, wherein the 
pump waveguide includes an annular-shaped tapered section 
that is fused to a substantially un-tapered or un-tapered feed 
through optical fiber and thereby becomes a cladding layer of 
the feed through optical fiber, and the pump waveguide 
includes an un-tapered section wherein the multi-mode pump 
fibres are optically coupled to a portion of the feed through 
optical fibre that includes the gain part, a delivery fibre for 
delivering a laser beam to a workpiece, a fibre termination 
causing the laser beam to expand beyond the size of the fibre 
before it is launched into free space, and at least one power 
monitor for use in indicating a fault condition. 

18. A fibre laser as claimed in claim 17, wherein the laser 
comprises the pump combiner is annular-shaped and wherein 
said fibre laser further includes a feed through fibre having a 
multi-clad structure for containing radiation within the feed 
through fibre. 

19. A fibre laser as claimed in claim 17, wherein the doped 
gain fibre has a multi-clad structure. 
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20. A fibre laser as claimed in claim 17, including at least 
two power monitors for monitoring the power at two or more 
positions in the fibre delivery path, and for using the moni 
tored power to detect a fault. 

21. A fibre laser as claimed in claim 17, wherein two or 
more power monitors are provided, spaced apart longitudi 
nally along the delivery fibre and including means for com 
paring their outputs to determine fault. 

22. A fibre laseras claimed in claim 17, wherein said power 
monitor includes a wavelength filtered photo sensor appara 
tus adapted to block the laser radiation wavelength but to pass 
other selected wavelengths, and means for detecting said 
selected wavelength radiation to determine a fault or critical 
condition and turn off the laser. 

23. A fibre laser as claimed in claim 22, wherein the photo 
sensor comprises a photodiode apparatus. 

24. A fibre laser as claimed in claim 17, including a termi 
nation including a capillary having an angled face. 

25. A fibre laser as claimed in any claim 24, wherein the 
termination includes an end cap fused to the end of the cap 
illary or fused within the bore of the capillary. 

26. A fibre laser system comprising: 
an optical fibre including a core, a gain part of which is 

doped with a rare earth material to form an optical gain 
medium; 
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at least one laser diode; 
pump combiner means for applying pump radiation from 

the laser diode to the optical gain medium and for gen 
erating a laser beam, said pump combiner means includ 
ing at least one pump waveguide including a plurality of 
multi-mode pump fibres that are radially separated from 
the core, wherein the pump waveguide includes an annu 
lar-shaped tapered section that is fused to a substantially 
un-tapered or un-tapered feed through optical fiber and 
thereby becomes a cladding layer of the feed through 
optical fiber, and the pump waveguide includes an un 
tapered section wherein the multi-mode pump fibres are 
optically coupled to a portion of the feed through optical 
fibre that includes the gain part; 

at least two cladding layers for protecting radiation from 
within the optical gain medium from damaging the laser 
diode; 

at least one power monitor for use in indicating a fault 
condition; and 

delivery fibre means for delivering a laser beam to an 
end-cap termination, said end-cap termination for 
reducing damage to the optical fibre. 
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